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Abstract

Chemoresistance in colorectal cancer (CRC) and triple-negative breast cancer (TNBC) is an insurmountable problem in
clinical treatment, and its core mechanism is closely related to the three-dimensional "stroma-metabolism-immunity"
barrier formed by the tumor microenvironment (TME). Berberine (BBR), a natural isquinoline alkaloid, can regulate the
TME from a multi-target perspective, but its synergistic mechanism across cancer types and its clinical translational
pathway have not been systematically elucidated. In this paper, we integrated the preclinical studies of CRC and TNBC to
reveal that BBR reshapes the interactions network by targeting shared hub targets such as PI3K/AKT and STATS3, and
breaks the TME barrier through metabolism-immunity cross-regulation, and further proposed the optimization of targeted
delivery system, translational medicine framework, which provides theoretical basis and clinical translational ideas for

BBR to reverse the chemoresistance of dual-cancer species.
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1. Introduction

CRC is the third most prevalent malignant tumor in the world except lung and gastric cancers, and the number of new
cases in China in 2022 has exceeded 560,000!"! ,and nearly more than 50% of these patients develop acquired resistance
to oxaliplatin treatment, the core mechanism of which is the aberrant activation of the Wnt/B-catenin signaling pathway!?!
and cancer-associated fibroblasts (CAFs) The collagen-based fibrotic barrier mediated by TNBCE! . TNBC accounts for
about 10%-15% of breast cancer subtypes!*! | with a recurrence rate of about 40% at 3 years postoperatively® , and a 5-
year survival rate much lower than that of other subtypes; the emergence of drug resistance is closely related to the NF-
KB-driven overexpression of PD-L1[% | and LOX-mediated cross-linking of the ECM!"} ,

In terms of the commonalities and characteristics of drug resistance in dual cancer types, the existence of a "three-
dimensional barrier" in the TME of dual cancer types is an important core driver, i.e., at the physical level, CAFs in CRC
secrete dense collagen to reduce drug penetration, and ECM cross-linking increases tumor hardness by 3-fold in TNBC®! ;
at the metabolic level, the Warburg effect is shared by both cancer types through the GPR and the ECM cross-linking. At
the metabolic level, the Warburg effect shared by the two cancer types inhibits CD8+ T cell function through the GPR81
receptor U); at the immune level, the IL-6/STAT3 axis promotes Treg cell infiltration in CRC ['%, and the CCL2-MDSC
axis leads to T cell depletion in TNBC ['!l. These three mechanisms form a "matrix-metabolism-immunity" positive
feedback loop, which together limit the effectiveness of single-target therapeutic regimens and requires a combination of

multiple modalities for treatment.

Berberine (BBR), as a natural isoquinoline alkaloid, can not only reverse chemotherapy resistance, but also break the
bottleneck that single-target drugs can only have effects on a single cancer or signaling pathway, and it can also interfere

with cross-cancer hub nodes, such as STAT3 and PI3K, etc.; however, most of the relevant studies have been conducted
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from a certain cancer or a certain pathway, and they have been mainly targeted at a certain cancer or a certain pathway.
However, most of the relevant studies have been conducted on a certain cancer or a certain pathway and are mainly focused
on a certain cancer or a certain pathway, and the core network of cross-cancer synergistic regulation, as well as the joint
adaptive strategy and clinical translation of TME heterogeneity, are still imperfect. Based on this, this paper systematically
elucidates the mechanism of action of BBR in reversing chemoresistance in quartic cancer species by integrating
preclinical studies and proposes a new idea of clinical translation, which provides a new mode of precise intervention for

dual-cancer species resistance.

2. Berberine reverses chemoresistance in colorectal cancer by regulating tumor microenvironment

Chemoresistance of colorectal cancer is closely related to immunosuppression and metabolic abnormalities in tumor
microenvironment. Berberine can reverse chemoresistance of colorectal cancer by targeting the immunosuppression and

metabolic abnormality of tumor microenvironment in two dimensions.
2.1 Immune dimension: reversing immunosuppressive microenvironment

BBR reverses the immunosuppressive microenvironment of CRC through the dual pathways of intestinal flora-immunity
axis and cellular intrinsic immunity regulation. At the intestinal level, BBR regulates the composition of the bacterial flora,
promotes the proliferation of butyric acid-producing bacteria, such as Roussella and E. faecalis, whose metabolite butyric
acid activates the GPR43 receptor, enhances the infiltration of CD8 * T-cells, and inhibits the function of Tregs "'?.and
also increases the abundance of Ruminal Streptococcus and Ackermannia, restores the function of the intestinal barrier,
and reduces systemic inflammation induced by the translocation of bacteria.['31 . BBR also activates the aromatic
hydrocarbon receptor pathway, induces IL-22 secretion from intestinal epithelial cells, strengthens the mucosal barrier and

recruits natural killer cells to the tumor site [14].

At the cellular immune level, BBR reduces the secretion of Th17 differentiation-associated factors IL-17/IL-23 through
inhibition of the NF-kB pathway, while upregulating the Foxp3 * Treg ratio to re-establish Th1/Th2 homeostasis!'*! ; and
blocks CSF-1/CSF-1R signaling to inhibit tumor-associated macrophage TAM polarization toward the M2 type and
promote M1-type secretion. polarization and promotes M 1-type secretion of IL-12/TNF-a to enhance antigen presentation
(1], In addition, BBR inhibits the JAK2/STAT3 pathway, reduces the release of pro-inflammatory factors IL-6/IL-1p, and
upregulates the expression of anti-inflammatory factor IL-10 to alleviate the chronic inflammatory state ['7). Finally, in the
CT26 mouse model, BBR combined with anti-PD-1 antibody significantly enhanced CD8 * T-cell infiltration, reversed the

"cold tumor" microenvironment, and delayed tumor progression 8],
2.2 Metabolic dimension: blocking energy supply

BBR can intervene multi-targetedly in the processes of energy metabolism reprogramming and microenvironment
remodeling in tumor cells, thus improving the sensitivity of CRC to chemotherapeutic agents. Among them, BBR can
activate the AMPK pathway, inhibit the transcriptional activity of HIF-1a, and reduce the expression of GLUT1 and LDHA
to block the glycolysis pathway [, meanwhile, it can directly bind to the PKM2 metastable site and prevent its tetramer
dissociation to block the key step of glycolysis 2%, In addition, in glutamine metabolism, BBR downregulated the expression
level of the transporter SLC1AS and inhibited the activity of glutaminase (GLS), which reduced glutamine uptake and
catabolism !1, BBR reduced glutamine by 40% in SW620 cells and induced autophagy to remove abnormal mitochondria
through activation of the mTOR pathway to enhance the sensitivity to chemotherapeutic drugs ?2.. In addition, lactate efflux
was also reduced by inhibiting the MCT4 lactate transporter ?¥), Lactate concentration decreased by 50% in the HT29 co-
culture model, which reduced the degree of acidification of the microenvironment, and activation of MMP- 2 disrupted the

extracellular matrix and improved the penetration efficiency of chemotherapeutic drugs such as 5-FU 24,

The metabolic regulation of BBR also has immunosynergistic effects. Its simultaneous inhibition of HIF-la and

enhancement of CD8" T-cell activation through the AMPK pathway can reduce tumor volume by 60% when combined
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with oxaliplatin in CT26 hormonal mice >3, To overcome the low bioavailability of BBR, liquid crystal nanoparticles
(LCNPs) can enhance bioavailability from <5% to 40% and achieve dual metabolism-immunity regulation by integrin-
targeted delivery, which in combination with an anti-CTLA-4 antibody in the HCT116 xenograft model resulted in a 3-

fold increase in CD8" T cell infiltration [261.

3. BBRreverses chemoresistance in triple-negative breast cancer by modulating the tumor
microenvironment

Triple-negative breast cancer is highly dependent on chemotherapy due to the lack of therapeutic targets, and the dense
stromal barrier and immunosuppressive microenvironment are the main reasons for drug resistance. BBR significantly
improves the therapeutic efficacy of paclitaxel, carboplatin, and other drugs by targeting the three-dimensional structure

of the tumor microenvironment.
3.1 Metabolic Regulation: Targeting Energy Metabolism to Overcome Drug Resistance

BBR can effectively reverse the chemoresistance of TNBC through multi-targeted regulation of metabolic reprogramming.
At the level of glucose metabolism, BBR can down-regulate the expression of GLUT1 and HK2, which can decrease
glucose uptake by about 40% and lactate production by about 35% in MDA-MB-231 cell line, effectively improving the
tumor acidic microenvironment?” ; In addition, after BBR down-regulates the expression of glutamine transporter
SLC38A1 and inhibits the activity of GLS, the a-ketoglutarate of BT-20 cells is decreased. The level of a-ketoglutarate in
BT-20 cells decreased by about 28%, and the expression of drug-resistant proteins mediated by the mTOR-HIF-1a pathway
was also inhibited 81, BBR also activated AMPKa to promote the oxidative phosphorylation of mitochondria, which
increased the rate of ATP generation by about 2-fold, and enhanced the ability of cisplatin-induced DNA damage and
apoptosis 1. In addition, the fatty acid synthase (FASN) activity can be down-regulated by BBR to reduce the lipid droplet
content of MCF-7/ADR resistance model by 50%, and it can effectively reduce the high expression of multidrug resistance-

associated protein ABCG2PY). This shows that BBR is able to function as a TNBC chemotherapeutic sensitizer.
3.2 Physical dimension: remodeling matrix barrier to promote drug penetration

BBR significantly enhances TNBC drug permeability through multi-target regulation of the tumor stromal
microenvironment. By inhibiting the TGF-B1/Smad3 pathway, tumor-associated fibroblasts (TCAs) down-regulate the
secretion of collagen types I and III®Y | up-regulate the activity of MMP-2/9 and increase the degradation of ECM 321 |
and down-regulate the expression of a-SMA and fibronectin, which reverse the pro-fibrotic phenotype of TCAs 1331 ;BBR
also down-regulates VEGF/Ang-2 to improve vascular function 4, and reduces hypovolemia. TCAs pro-fibrotic
phenotype *31; BBR also down-regulates VEGF/Ang-2 secretion to improve vascular function 34, reduces hyaluronic acid-
mediated interstitial hydraulics, and significantly promotes intra-tumor chemotherapeutic drug penetration and distribution
in different TNBC models 3%,

3.3 Immunomodulation: activation of anti-tumor immune response

BBR improves the immunosuppressive microenvironment of TNBC through multi-target modulation acting in a multi-
step cascade to block and reverse the malignant development of TNBC, which works by inhibiting the fibroblast growth
factor ligand-1 (CSF-1) and receptor (CSF-1R) axes to reduce the content of M2-type macrophages in tumor tissues and
up-regulate the level of secretion of Thl-typecytokines such as IL-12 B3¢, In terms of immunomodulation, BBR was able
to promote DC maturation through the cGAS-STING pathway, and the proportion of CD80+CD86+ double-positive cells
on the surface of DC increased significantly by more than 3-fold, which further enhanced the antigen-presenting ability,

thus better activating the anti-tumor immune response in vivo B7,

In addition to inhibiting immune checkpoints, BBR can also down-regulate the expression of PD-L1 in tumor cells by

activating the STAT3 signaling pathway, resulting in a 2.7-fold increase in the cytotoxicity of CD8+ T-cellsP®! ; In addition,
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BBR can significantly reduce the number of MDSCs in the tumor microenvironment, and down-regulate the activity of
Arg-1 and iNOS to attenuate the function of MDSCs. In animals, it can reduce the number of MDSCs to 56% of the

original B3,

4. Cross-cancer synergistic mechanism of berberine to reverse chemoresistance
4.1 Shared Hub Target Interaction Networks

BBR targets the core signaling nodes common to different cancer species in multiple tumors, playing a role in overcoming
tumor chemoresistance and exerting cross-cancer synergistic regulation; the NF-KB pathway plays an important role in
tumor chemoresistance, and BBR enhances adriamycin's killing effect on lung cancer cells by inhibiting the nuclear

translocation of NF-KB, and down-regulating the expression of anti-apoptotic proteins Bcl-2 and Surviving 01,

BBR can reverse the Warburg effect in tumor cells by inhibiting the HIF-1a pathway, and inhibit the expression of HK2,
a key enzyme in glycolysis, through the TET3/miR-145/HK2 axis in ovarian cancer, decreasing glucose consumption,
lactic acid production, and further increasing the efficacy of cisplatin*!! ; its metabolic reprogramming mode was also
validated in other cancers, such as hepatocellular carcinoma and pancreatic carcinoma, indicating that HIF-1a is a key

target for metabolic regulation in different cancer types.

It should be noted that BBR can also achieve cross-cancer synergy for various cancers, and it can do so by modulating the
action of the immune checkpoint molecule PD-L1. Studies have shown that BBR directly binds to CSNS, inhibits the
deubiquitinating activity of CSNS5, promotes the ubiquitination degradation of PD-L1, and enhances the immune
surveillance of T cells against tumors, as described above on both non-small cell lung cancer and melanoma 2], laying the

foundation for the combination of BBR with immune checkpoint inhibitors.
4.2 Metabolic-immune cross-regulatory network

BBR can synergistically reverse drug resistance across cancer types through metabolic reprogramming and immune
microenvironment regulation. At the metabolic level, BBR inhibits mTOR activity by activating the AMPK pathway,
induces autophagy and inhibits energy metabolism in tumor cells (3], and also alters the functional status of immune cells

in the tumor microenvironment.

BBR has the effect of reversing the immunosuppressive microenvironment, which can be achieved by regulating neutrophil
and T-cell phenotypes, which can convert chemotherapy-induced N2-type neutrophils into N1-type, improve phagocytosis
of tumor cells, and also increase the proportion of central memory CD8+ T cells (Tcm) and reduce the depletion of effector

T cells (Teff), restoring the anti-tumor immune response*4 .

The cross-regulation of metabolism and immunity is more obvious in the tumor microenvironment. BBR can reduce the
secretion of lactic acid by tumor cells by inhibiting HIF-1o-dependent glycolysis and relieve the inhibition of CD8+ T
cells and NK cells *%; at the same time, BBR can regulate the intestinal microbiota by promoting the production of short-
chain fatty acids and enhancing the immunosuppressive function of Treg cells, forming a metabolic-immune feedback

loop. immune feedback loop.
4.3 Cancer-specific combination strategy based on tumor microenvironment heterogeneity

Due to the influence of tumor microenvironment heterogeneity, the antitumor efficacy of BBR also needs to be based on
the cancer type, designing different combination drug regimens; for pancreatic cancer, BBR in combination with the PARP
inhibitor olaparib can promote DNA damage through the synthetic lethal effect, overcoming the chemoresistance mediated
by KRAS mutations™®! ; whereas, the combination of BBR and rhodopsin can target the LAMB3-EGFR axis, exerting
oncogenic inhibition. EGFR axis, exerting oncogenic effects as a way to inhibit the migration and invasion of pancreatic

cancer cells 471,
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CRC is a highly malignant type of cancer that can inhibit memory CD8+ T cell activation by modulating the gut microbiota
and can be used in combination with chemotherapeutic agents such as 5-FU (a class of chemotherapeutic agents), which
can be used to reduce postoperative recurrence. Making BBR into nano formulations can increase the bioavailability of

BBR as well as improve the tumor-targeting ability of BBR, providing new ideas for the clinical translation of BBR 3],

5. Clinical translation and breakthrough pathways
5.1 Innovative breakthroughs in delivery systems

BBR cannot be used for clinical treatment because of its low bioavailability and nonspecific distribution, and the
development of a new delivery system can break this bottleneck, using tumor microenvironment-sensitive ligands to
modify the targeted nanocarriers can greatly improve the drug enrichment at the lesion. For example, FA-PEG-modified
BBR silver-loaded nanoparticles can be targeted to breast cancer cells by binding to the folate receptor and exhibit a pH-
sensitive slow release effect in vivo, with a tumor inhibition rate of 78% and a reduction in systemic toxicity of up to 60%
in tumor-bearing mice, which can further enhance the effects of chemotherapeutic drugs by modulating the AKT-ERK

signaling pathway to promote apoptosis %),

Using microbe-targeted delivery strategy, the gut flora and tumor microenvironment interaction combined with BBR-
loaded bifidobacteria to make an engineered bacterial delivery system. BBR-loaded bifidobacteria can down-regulate the
activity of Treg cells through the production of short-chain fatty acids, and the invasion of CD8+ T-cells was increased by

about 3-fold compared with that of control group, and the volume of the tumor was reduced by 55% in CRC model P,
5.2 Future directions

Promoting the clinical translation of BBR requires the establishment of a three-in-one system: the establishment of the
first system - pH/ROS dual-stimulation-responsive BBR nanocarriers®®!! ; the development of paclitaxel-like albumin-
binding BBR nanoparticles to realize the rapid clinical translation of BBR nano-formulations®?! ; the establishment of the
second system - the combination of BBR and epigenetic drugs, e.g., it is verified that BBR increases histone acetylation
level in HCT116 cell line in CRC, which can enhance the immunomodulatory effect of BBR through FMT | and
promotes the infiltration of CD8+ T-cells in the B16 model of melanomal®* ; establish the PK-PD model of BBR by
machine learning, and speculate the optimal dosage and combination method of BBR in different cancer types according

to the model. optimal dosage and co-administration mode.

6. Conclusion

In this study, the molecular mechanism of BBR targeting AMPK-STAT3-HIF-1a pathway to regulate metabolism across
cancer types and remodeling tumor microenvironment to mediate the sensitization of chemotherapy in two cancer types
has been elaborated from different perspectives, which confirms that the breakthrough of the triple barriers of stroma-
metabolism-immunity in the TME by CRC and TNBC requires the blockage of IL-6/STAT3 and the blockage of IL-
6/STAT3 and the blockage of IL-6/STAT3. The breakthrough of the "matrix-metabolism-immunity" triple barrier in TME
by CRC and TNBC was confirmed to be achieved by simultaneously blocking the IL-6/STAT3 axis to release
immunosuppression, inhibiting LOX to soften the physical barrier, and metabolic reprogramming to block the energy
supply, which fulfills the answer to the core scientific question of "matrix-metabolism-immunity" in the introduction, and

provides a guideline for the future further research.

It has been shown that the dynamic interactions of the three-dimensional barriers of TME are the common basis of TME
cross-cancer drug resistance, and BBR has the characteristic of "one-drug-multi-targets" that can synchronously regulate
these pivotal targets. However, there are limitations: (1) the clinical evidence is based on phase II small samples, and there
is no phase III clinical trial to prove its survival benefit; (2) no prediction model has been established to determine the

sensitivity of drug resistance based on PD-L1 and HK2. Spatial multi-omics can be used to analyze TME cell
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subpopulation interactions; in terms of translation, it promotes the industrialization of intelligent delivery systems; and

then it can be used in stroma-rich tumors such as ovarian cancer and pancreatic cancer.

BBR has completed the paradigm shift from "traditional natural drug" to "drug resistance reversal agent targeting TME”

and has given a new paradigm to natural product anti-tumor research.
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